The incidence of idiopathic pulmonary fibrosis (IPF) increases with age. The mechanisms that underlie the age-dependent risk for IPF are unknown. Based on studies that suggest an association of IPF and gherpesvirus infection, we infected young (2-3 mo) and old (>18 mo) C57BL/6 mice with the murine gherpesvirus 68. Acute murine gherpesvirus 68 infection in aging mice resulted in severe pneumonitis and fibrosis compared with young animals. Progressive clinical deterioration and lung fibrosis in the late chronic phase of infection was observed exclusively in old mice with diminution of tidal volume. Infected aging mice showed higher expression of transforming growth factor-b during the acute phase of infection. In addition, aging, infected mice showed elevation of proinflammatory cytokines and the fibrocyte recruitment chemokine, CXCL12, in bronchoalveolar lavage. Analyses of lytic virus infection and virus reactivation indicate that old mice were able to control chronic infection and elicit antivirus immune responses. However, old, infected mice showed a significant increase in apoptotic responses determined by in situ terminal deoxynucleotidyl transferase dUTP nick end labeling assay, levels of caspase-3, and expression of the proapoptotitc molecule, Bcl-2 interacting mediator. Apoptosis of type II lung epithelial cells in aging lungs was accompanied by up-regulation of endoplasmic reticulum stress marker, binding immunoglobulin protein, and splicing of Xbox-binding protein 1. These results indicate that the aging lung is more susceptible to injury and fibrosis associated with endoplasmic reticulum stress, apoptosis of type II lung epithelial cells, and activation of profibrotic pathways.
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Keywords: idiopathic pulmonary fibrosis; lung; aging; gherpesvirus; endoplasmic reticulum stress Idiopathic pulmonary fibrosis (IPF) is characterized by progressive destruction of the normal architecture of the lung. Its cause is unknown, and there is not a proven effective therapy other than lung transplantation. The prevalence of IPF increases with age, with most patients aged more than 60 years (1, 2) . IPF remains a progressive, irreversible, and lethal disease with a median survival from 3 to 5 years after the diagnosis. The cellular and molecular pathways that drive the pathogenesis of IPF are not fully delineated. However, several clinical studies have found DNA or protein from the human gherpesvirus, Epstein-Barr virus (3) (4) (5) (6) in 40-70% of IPF cases (3) (4) (5) (6) . We have established a mouse model of progressive pulmonary fibrosis using the murine gherpesvirus (MHV) 68, a virus closely related to Epstein-Barr virus (7) . We have shown that gherpesvirus infection causes persistent virus infection, injury of lung epithelial cells, and pulmonary fibrosis in IFN-gR 2/2 mice with similar features to the human disease. Progressive fibrosis was not found in virus-infected wild-type mice (8) (9) (10) (11) (12) (13) .
Aging is an important risk factor for the development of IPF. The process of aging is complex, multifactorial, and is associated with alterations in the physiological responses to injury and repair. There are structural and functional age-related changes in the lung even in the absence of disease. In addition, there is a propensity for oxidative stress, proinflammatory responses, and apoptosis in stress conditions (14, 15) . One of the potential mechanisms involves alterations in the homeostasis of the endoplasmic reticulum (ER), predisposing to ER stress. ER stress results from misfolding of proteins, and leads to up-regulation of a signaling pathway called the ER stress response or the unfolded protein response (UPR). The most evolutionary conserved UPR signaling pathways existing in mammals is the activation of the inositol-requiring enzyme 1 (IRE1) a and b. This activation results in the excision of a 26-bp fragment from the mRNA encoding the transcription factor, X-box-binding protein 1 (XBP1), by an unconventional splicing event that generates XBP1s a potent inducer of a subset of UPR target genes (16) . UPR is characterized by the induction of chaperones, such as BiP (binding immunoglobulin protein), degradation of misfolded proteins, and attenuation of protein translation. Notably, prolonged and severe ER stress triggers apoptosis (17) . ER stress and UPR activation are common features of the alveolar epithelium in familial and sporadic IPF (18, 19) .
Our data support that virus-induced lung injury in aging mice increases ER stress responses in type II lung epithelial cells, resulting in severe apoptosis and activation of profibrotic pathways.
MATERIALS AND METHODS
A detailed description of methodologies is provided in the online supplement.
Animals and Animal Treatment
Young (2-3 mo) and old (>18 mo) C57BL/6 mice were inoculated intranasally with 1 3 10 5 plaque-forming units (pfu) of MHV68, as we have described previously (10) . Infected mice were maintained in a biosafety level 2 (BSL2) facility.
Histopathology, Immunofluorescence, and Immunohistochemistry
After mice were killed, lungs were perfused with 4% paraformaldehyde (10) or Optimal Cutting Temperature Tissue-Tek Compound (Torrance, CA). Sections from paraffin blocks were stained with hematoxylin and eosin and Masson trichrome to determine histopathological changes and fibrosis. Morphometric analyses were performed as described previously (9) . Immunohistochemistry analyses were performed using anti-XBP1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Dual immunofluorescence staining was performed using methods outlined previously (18, 20) .
Histopathological Score
A 0-to 4-point scale was used as follow: 0 ¼ normal lung architecture; 1 ¼ lymphocytic infiltrates in perivascular, peribronchial, and subpleural areas, but not fibrosis; 2 ¼ lymphocytic infiltrates and perivascular and peribronchial fibrosis; 3 ¼ lymphocytic infiltrates and fibrotic thickening of the interalveolar septa; 4 ¼ lymphocytic infiltrates, presence of foamy macrophages, formation of multiple fibrotic foci, and fibrotic thickening of the pleura. Because of the patchy pathology of the infected lungs, the score for 10 random fields was recorded and the highest score found was assigned for each individual specimen.
Hydroxyproline Assay
Hydroxyproline content in whole mouse lung was used to quantify lung collagen content and was measured colorimetrically by a method described previously (21) .
Western Blot Analyses
Extracts from lung tissue samples and cell cultures were prepared as previously described (9) . Western blotting for BiP (Millipore, Billerica, MA) was performed, and then the blot was reprobed with an antiserum against b-actin (Santa Cruz Biotechnology) as a loading control. Western blots were quantified using NIH ImageJ software (v.1.43; National Institutes of Health, Bethesda, MD).
Quantitative Real-Time PCR Analysis
Total DNA and RNA were extracted from lung tissue using DNeasy and RNeasy kits, respectively (Qiagen, Valencia, CA), according to manufacturer's recommendations. Real-time RT-PCR was performed using SYBR Green and primers specific for the genes of interest and normalized using 18S RNA and RPL19 genes. Quantitative PCR for MHV68 DNA was performed as described previously (13) using open reading frame (ORF) 50 primers and glyceraldehyde 3-phosphate dehydrogenase as housekeeping gene.
Cytokine and Chemokine Expression
Mouse IL-6, IFN-g, IL-10, and monocyte chemotactic protein 1 levels were measured in bronchoalveolar lavage (BAL) fluid using a multiplex bead immunoassay (Linco, St. Charles, MI) according to the manufacturer's recommendations, whereas transforming growth factor (TGF)-b was determined with a single-analyte ELISA (Qiagen). CXCL12 was measured in lung whole-cell extracts using an ELISA kit (R&D Systems, Minneapolis, MN).
Statistical Analyses
Data were plotted and statistically analyzed using InStat 3 and Prism 5 (GraphPad Software, San Diego, CA). Differences among groups were assessed using one-way ANOVA and between pairs using Student's t test. Results are presented as means (6SEM). Significant differences have P values less than 0.05.
RESULTS

Virus-Induced Lung Fibrosis in Aging C57BL/6 Mice
Our previous studies showed that young (2 mo old) C57BL/6 mice infected with gherpesvirus control rapid lytic virus replication during the acute phase of infection (Days 7-15) and develop mild pneumonitis that completely reverses by Day 25 after infection (10) . To determine whether aging results in a differential response to herpesvirus infection, we infected old (>18 mo old) C57BL/6 mice. In an examination of weight loss with time, infection of old mice resulted in a steep decline in weight that peaked around 15 days after infection (dpi), recovered to the starting weights by 90 dpi, and then declined again at 120 dpi without recovering over the remaining 130-day time course ( Figure 1A ). In sharp contrast, young, virus-infected mice never experienced weight loss during the course of the acute or chronic phase of infection, and remained nearly indistinguishable from their noninfected counterparts ( Figure 1A) . At Day 250 after infection, lung function was measured using a whole-body plethysmograph. Old C57BL/6 animals showed a significant reduction in tidal volume, corresponding to a restrictive pulmonary defect in lung function ( Figure 1B) .
Lungs were analyzed for collagen deposition by Masson trichrome staining at 15 dpi (immediately after the acute phase of infection) and at 250 dpi (late in the chronic period of infection). Compared with naive and young mice, old (>18 mo old) C57BL/ 6 mice infected with gherpesvirus developed more severe pneumonitis with collagen deposition indicated by blue staining at 15 dpi that persisted as a patchy interstitial fibrosis during the late chronic phase in 30% of the old, infected mice ( Figure 1C ). Overall, there was only a mild degree of lung pathology in young mice infected with MHV68 at 15 and 250 dpi as compared with the pathology scores of old, infected mice (Figure1D). Lung fibrosis was also assessed by collagen content by measuring levels of OH-proline (Figure 1E). We found significantly higher levels of OH-proline in aging mice at 15 and 250 dpi. Taken together, these data provided evidence for increased virus-induced lung fibrosis in aging mice.
Control of Lytic and Latent MHV68 Infection with Age
To determine whether there is an age-associated decline in the ability to control lytic and persistent infection, we monitored virus replication during the acute phase of infection at 7 dpi, a period of peak replication in the lung after intranasal infection. Viral titer of the lung was comparable between young and old mice at this time point ( Figure 2A ). The level of latent virus was measured at 7 and 15 dpi in the lung using a quantitative PCR assay that allows determination of a latency-associated gene product ( Figure 2B ). We found that latent virus in the lungs at 7 and 15 dpi was similar in young and old mice. In addition, we analyzed virus reactivation and the presence of preformed infectious virus in spleens by a sensitive limiting dilution reactivation assay upon explant at 15 dpi. Virus reactivation was nearly 10-fold lower in aging mice in comparison with their young counterparts ( Figure 2C ). Preformed infectious virus detected in the disrupted splenocytes was also appreciably lower in the aged mice. We failed to detect lytic virus in the lung or spleen late during chronic infection at 250 dpi.
Because T cell responses are important contributors to controlling MHV68 infection, we determined the frequency of MHV68specific CD8 T cells in lungs of naive and virus-infected mice during the acute (11 d) and chronic (30 d) phase of infection using major histocompatibility complex class I tetramers specific for two well characterized MHV68 epitopes, p56 (ORF6 487-495 ) and p79 (ORF61 524-531 ). The data showed a similar percentage of p56and p79-specific CD8 T cells in young and old mice (see Figure E1A in the online supplement). In addition, we determined the percentage of vb4-CD8 T cells, which have been shown to be driven by the M1 latency gene (22) . We found similar expansion of these CD8 T cells in spleens at 30 dpi ( Figure E1B ). These data suggest that aging mice can control chronic MHV68 infection, and that the fibrotic response to infection in old mice is not due to impaired antiviral responses.
High Levels of Proinflammatory Cytokines and Chemokines in MHV68-Infected Aging Mice in the Acute Phase of Infection
To characterize the inflammatory response in infected aging mice, we performed differential counts from BAL of young and old mice at 15 dpi. Similar numbers of cells were found between naive young and naive old animals ( Figure 3A) . After infection, higher number of macrophages and lymphocytes were found in aging mice compared with young animals; however, the relative percentage of lymphocytes in the young infected mice was higher than their old infected counterparts (54.7 versus 30.2%).
In BAL, we found up-regulation of both IL-6 and IFN-g in aging and young mice at 7 dpi although significantly higher levels of IL-6 were found in old animals ( Figures 3B and 3C) . In contrast, levels of the anti-inflammatory cytokine, IL-10, were significantly higher in young animals ( Figure 3D ). We also compared levels of the chemokines, monocyte chemotactic protein 1 ( Figure 3E ) and CXCL12 ( Figure 3F ), in the BAL and lung tissue, respectively. These two chemokines have been associated with the recruitment of fibrocytes. We found high levels of both chemokines in infected lungs of aging mice at Days 7 and 15 after infection. However, determination of fibrocyte recruitment to the infected lungs by FACS using CD45 1 CXCR4 1 collagen1 1 markers showed similar percentage of fibrocytes in lungs of young and old mice ( Figure E2 ). These results suggest that increased fibrosis observed in MHV68infected, aging mice is independent of fibrocyte recruitment.
Age-Related Changes in TGF-b Expression
Our previous studies in IFN-gR-deficient mice have shown that MHV68 infection induces up-regulation and activation of the profibrotic factor, TGF-b1. We found a higher concentration of active TGF-b1 in BAL of naive and acutely infected aging mice ( Figure  4A ). In concordance, quantitative RT-PCR analyses of total lung lysates showed that naive and 7 dpi-infected, aging mice have higher levels of TGF-b transcripts ( Figure 4B ). Chronic infected young and old mice show similar high levels of TGF-b transcripts ( Figure 4B ). Our data suggest that aging lungs up-regulate TGF-b during the acute phase of virus infection.
Apoptosis of Lung Epithelial Cells in Infected, Aging Mice
Several lines of evidence imply that apoptosis may play a role in the aging process and the age-related functional declines of multicellular organisms. To determine the apoptotic response in young and old mice infected with MHV68, we performed in situ terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay in lung slides from naive and infected mice at 15 and 250 dpi. Naive young and aging mice showed low numbers of apoptotic cells, but the frequency of apoptotic cells increased dramatically after infection, especially in aging mice ( Figure 5A ). Semiquantitative analyses of the signal from the in situ TUNEL assay showed significant elevation of the apoptotic responses after infection in lung samples from aging mice ( Figure 5B ). Apoptosis can be triggered by members of the Bcl-2 protein family, such as Bcl-2 interacting mediator (Bim). By quantitative RT-PCR, we found higher expression of Bim in naive and infected, aging lungs compared with samples from young animals ( Figure 5C ). Injury of lung epithelial cells is believed to be critical for the initiation of the fibrotic process in the lung. In addition, a potential role for apoptotic macrophages in pulmonary inflammation and fibrosis has been reported (23) . To determine the type of cells undergoing apoptosis, we performed TUNEL assay and staining using anti-CD107b (Mac-3) and anti-pro-surfactant C antibodies as markers of macrophages and type II lung epithelial cells, respectively ( Figure  5D ). Numerous TUNEL-positive type II lung epithelial cells (pro-surfactant C positive) were present in infected lungs from aging mice, whereas only few apoptotic cells were Mac3 positive. Less abundant apoptotic type II lung epithelial cells were found in lungs of infected, young animals ( Figure 5E ). 
Activation of ER Stress Responses in Lung Epithelial Cells from Infected, Aging Mice
Susceptibility to lung injury and apoptosis has been associated with ER stress responses in the lung. The transcription factor, XBP1s is a key component of the ER stress response in lung epithelial cells (24) . We analyzed the XBP1 expression in lungs from uninfected and infected young and old mice by immunohistochemistry analysis. No signal was observed in naive young and old mice. At 15 dpi, airway epithelial cells from infected, young mice showed XBP1-positive signal, whereas old infected mice had extensive staining in lung epithelial and inflammatory cells ( Figure 6A ). In conditions of ER stress, XBP1 mRNA undergoes IRE1-dependent splicing that permits translation of the biologically active XBP1 protein. The ratio of the spliced isoform to total XBP1 mRNA can be used as a marker of the IRE1-mediated ER stress response (13) . We found predominance of unspliced XBP1 in naive young and old mice ( Figure 6B ). After infection, splicing of XBP1 was evident at 15 dpi in young mice; however, old animals showed evidence of ER stress earlier, at 7 dpi, with a further increase by 15 dpi (Figure 6B ). ER stress also induces expression of the chaperone BiP. RT-PCR analyses showed that lungs from old, infected mice have higher expression of BiP compared with young animals ( Figure 6C ). Immunoblot analysis confirmed higher protein levels in the aging lung ( Figure 6D ). To determine if markers of ER stress were expressed in type II lung epithelial cells from aging mice, we performed coimmunostaining for type II lung epithelial cells (anti-pro-surfactant protein C, green) and XBP1 or BiP (red). Colocalization of type II lung epithelial cell markers and ER stress markers were observed in infected lungs from aging mice at 15 dpi ( Figure 6E ) and persisted at high levels at 250 dpi ( Figure E3 ). These data provide evidence that type II lung epithelial cells in aging mice have lower resistance to ER stress responses after virus infection, and that this process is accompanied by increased apoptosis.
DISCUSSION
The incidence and prevalence of IPF increase noticeably with age. A recent study showed that prevalence of IPF increased 50-to 60-fold when comparing adults less than 35 years of age with those over 75 years of age (1, 2) . However, the pathogenic mechanisms involved in the higher susceptibility of aging individuals to lung fibrosis are unknown. Based on several studies that show detection of viral proteins and/or viral genome of herpesvirus in the lungs of patients with IPF, we have established a murine model of MHV68-induced lung fibrosis. Here, we examined whether aging in C57BL/6 mice is sufficient to increase the susceptibility to lung fibrosis after herpesvirus infection. We found that, compared with infected young C57BL/6 mice, which develop only a mild, reversible pneumonitis, infected old C57BL/6 mice have more severe and progressive inflammation and collagen deposition. The severity of the virus-induced lung pathology in aging mice was associated with a dramatic increase of ER stress markers and apoptosis of type II lung epithelial cells with subsequent fibrosis. Aging has been associated with impaired immune responses that might have an effect in the control of acute virus infection. Less is known of chronic, persistent, and latent virus infections, such as MHV68 infection. Previous studies have shown that aging mice can control acute and latent MHV68 infection with optimal maintenance of functional virus-specific CD8 T cells (25) . Similarly, our studies found that de novo infected, old mice do not have deficiencies in virus control. We found no significant differences in virus replication and load in the lung, and no evidence for increased viral load in the spleen. We report that aging mice exhibited normal IFN-g production and induction of virus-specific CD8 T cells. Moreover, aging mice show higher percentage of effector and central CD8 memory phenotype T cells ( Figure E4 ) in the lungs before and after infection that might contribute to immune responses and maintenance of low levels of viral persistence in the lung.
Alteration of innate immune responses have also been described during aging that include the propensity for increased production of proinflammatory mediators (24) . We found that aged, MHV68-infected mice expressed higher levels of proinflammatory cytokines during the acute phase of infection associated with elevated CXCL12, a recruiting chemokine for fibrocytes. Using the bleomycin-induced lung injury model and accelerated senescence mice, we have observed similarly high levels of CXCL12 after injury in senescence mice (14, 26, 27) . Those studies showed a senescence-related change in the bone marrow cell population characterized by increased proportion of fibrocytes in the bone marrow and a diminution of mesenchymal stem cells. In addition to this profibrotic mechanism, the susceptibility to fibrosis in aging mice can be related to high levels of TGF-b. Our data indicate that there are age-related changes in the levels of TGF-b transcripts and protein in naive and acutely infected mice. However, differences between young and old infected mice are no longer obvious when young mice reach 250 dpi, a time point at which young mice have reached almost 1 year of age.
Previous studies have demonstrated the importance of the cross-talk between fibroblasts and epithelial cells in the control of the profibrotic responses in the lung (28) . Our data suggest that aging lungs are more susceptible to ER stress and injury of lung epithelial cells. Abnormal function of the ER might lead to an evolutionarily conserved cell stress response, the UPR, which is aimed to compensate for the damage, but can eventually trigger cell death if the ER dysfunction is persistent or severe. Three distinct UPR signaling pathways exist in mammalian cells, including IRE1a and -b, pancreatic ER kinase, and activating transcription factor 6 (29). Activation of IRE1 results in an unconventional splicing event that generates XBP1s (30) . We have found that aging mice exposed to MHV68 infection have persistent and progressively increasing levels of XBPs in lung epithelial cells and inflammatory infiltrates, as well as high levels of BiP. Markers of ER stress have been found in alveolar type II cells from lungs of patients with IPF. Moreover, epithelial cells from both IPF and chronic obstructive pulmonary disease lungs undergo apoptosis, as evidenced by caspase-3 activation and Bcl-2-associated X protein dimerization, but only IPF specimens show activation of ER stress responses (19) . ER stress in IPF lungs has also been associated with altered surfactant protein processing and herpesvirus infection. The association of herpesvirus infection with ER stress and IPF was evaluated in patients with familial IPF, including family members with the surfactant protein C mutation L188Q, individuals with familial interstitial pneumonia without surfactant C protein mutations, and individuals with sporadic IPF. In these studies, herpesvirus protein expression was found in alveolar epithelial cells from 15/23 patients with IPF, and colocalized with UPR markers in alveolar epithelial cells from these patients (18) . More recently, a mouse model with transgenic expression of the surfactant C protein mutation, L188Q, in alveolar epithelial cells demonstrated induction of ER stress, but lung fibrosis was only identified in the presence of a profibrotic stimulus (23) . These data suggest that patients with alterations in the processing of surfactant C protein and susceptibility to ER stress have predisposition to fibrosis after a second hit such as herpesvirus infection.
Our studies support the concept that the susceptibility to ER stress increases during aging. ER stress initially stimulates an adaptive UPR to promote cellular survival, whereas, in the case of persistent, chronic stress, UPR can trigger apoptotic cell death program (31, 32) . The aging process contains abundant characteristics that might affect the ER stress response (e.g., increased oxidative stress, disturbance in calcium homeostasis, misfolding and aggregation of proteins, and impairment in global protein synthesis) (33) (34) (35) . All these age-related changes imply that aged cells might be more vulnerable to ER stressors, leading to apoptosis. Thus, similar to patients with alterations in the processing of surfactant C protein, aging individuals exposed to injury may have vulnerable epithelial cells that are prone to ER stress, resulting in increased proapoptotic and profibrotic signals. Moreover, ER stress might induce inflammatory responses by production of reactive oxygen species, release of calcium from the ER, activation of the transcription factor, NF-kB, and mitogen-activated protein kinase pathway. Our studies show that type II lung epithelial cells are particularly sensitive to ER stress in the aging lung. Recently, ER stress has been associated with epithelial-mesenchymal transition of type II lung epithelial cells (36, 37) . Further studies will be required to determine if increased ER stress in aging lungs has a role in epithelial-mesenchymal transition and fibroblast accumulation by this pathway.
In summary, our studies show increased susceptibility during aging to lung injury by herpesvirus infection, resulting in pulmonary fibrosis. We show that the propensity to disrepair in old animals is unrelated to control of chronic virus infection. Our studies suggest that aging individuals develop persistent and more severe ER stress responses than younger counterparts, causing exacerbated apoptosis and fibrosis. These studies confirm that there are age-related changes in the physiological responses to injury, and that the understanding of these mechanisms might result in better therapeutic approaches for IPF.
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